Introduction
============

Apoptosis, a kind of cell death, is a natural way to prevent the development of cancer. Thus, determination of the apoptosis-inducing capability has emerged as a mainstream approach for qualifying anticancer agents. Nevertheless, cancer cells can develop resistance to such agents by overcoming apoptosis, thus raising challenges to conventional therapies. Targeting cell death pathways other than apoptosis should provide a new direction for drug design or screening.

Necroptosis has been recently observed to be a form of programmed necrosis. It is mediated by a complex derived from an assembly of signaling molecules named ripoptosomes. The ripoptosome complex serves as a platform for determining cell survival, apoptosis, or necroptosis. Although some corresponding complexes vary in terms of initiator, modulator, or effecter components depending on different cell types,^[@bib1]^ the well-known composition of ripoptosome is caspase 8, Fas-associated death domain protein (FADD), and two receptor-interacting serine/threonine-protein kinases RIPK1 and RIPK3.^[@bib2]^ Caspase 8 is an apoptosis effector, FADD is an adaptor, RIP1 and RIP3 are necroptotic effectors, and FLIP is a modulator. FLIP structurally resembles caspase 8 in which the proteolysis activity is lost by replacement of catalytically active cysteine with a tyrosine or multiple amino acids.^[@bib3],[@bib4]^ FLIP is expressed as splice variants in humans, that is, long (FLIP~L~) and short (FLIP~S~). Both FLIP~L~ and FLIP~S~ can bind to caspase 8 with high affinity for exerting their regulator role. When FLIP is expressed at high levels, it forms a heterodimer with caspase 8 and thus inhibits its homodimer formation, consequently blocking apoptosis and preventing necrosis by inactivating RIP3, thus causing cells survival. However, low levels of FLIP bifurcate the cell fate into caspase 8-dependent apoptosis and RIP3-dependent necroptosis, which is determined by FLIP binding. When the caspase 8 of the ripoptosome is free of FLIP binding, it becomes an active form of the homodimer through auto-proteolysis, and triggers the downstream signaling of apoptosis, such as caspase 3. Meanwhile, its neighbor components RIP1 and RIP3 are cleaved, leading to the formation of an apoptotic ripoptosome but they fail to perform necroptosis. On the other hand, in the absence of FLIP, the RIP1/ RIP3 complex (i.e., a necrosome) dissociates from the ripoptosome and makes necroptosis available.^[@bib5],[@bib6]^ RIP3 of the necrosome is phosphorylated and in turn recruits mixed-lineage kinase domain-like (MLKL) and phosphorylate it, resulting in it being oligomerized, translocated to plasma membrane and eventually forming a calcium influx-mediated pore.^[@bib7]^

Tanshinone IIA (Tan IIA), a component isolated from the roots of *Salvia miltiorrhiza* BUNGE, is an herbal medicine used in East Asia to treat cardiovascular diseases. Tan IIA has been documented to exhibit anti-angiogenic, anti-oxidant, anti-inflammatory and apoptotic properties. As described in our previous report,^[@bib8]^ Tan IIA has been characterized for anticancer activity in various solid tumor cells in the prostate, liver, bone, oral cavity, esophagus, and cervix; it has also been found to be active against chronic myeloid leukemia cells. Like most cancericidal phytochemicals, the cytotoxic activity of Tan IIA has caused apoptosis in gastric, colon, breast, ovarian, lung, and leukocytic cancer cell lines. Recently, the herbal extract component neoalbaconol has been reported to induce necroptosis in cell lines of human amelanotic melanoma (A375), human breast cancer (MX-1), human gastric cancer (AGS-EBV), and the mouse fibrosarcoma (L929).^[@bib9]^ In addition, shikonin stimulates both apoptosis and necroptosis in HL60 and K562 leukemia cells.^[@bib10]^ However, whether Tan IIA triggers necroptosis is yet to be investigated.

This study is the first to indicate that Tan IIA kills HepG2 cells simultaneously through apoptosis as well as necropoptosis. Furthermore, we reveal the respective influences of apoptosis inhibitor z-VAD-fmk and necroptosis inhibitor Nec-1, and suggest the underlying signaling mechanisms for the findings on the basis of ripoptosome and necrosome.

Results
=======

Tan IIA induces both apoptosis and necroptosis in HepG2 cells
-------------------------------------------------------------

Cytotoxicity and apoptosis induced by Tan IIA in HepG2 cells has been well characterized.^[@bib11],[@bib12]^ However, our previous and present results found two patterns of DNA fragmentation, a nucelosomal and a smear ([Figure 1a](#fig1){ref-type="fig"}),^[@bib8]^ respectively, representing apoptosis and necrosis.^[@bib13]^ We intend to confirm this finding by means of Annexin V and FITC, and flow cytometry analysis. The results showed that early apoptotic (Annexin V+PI−) and necrotic (Annexin V-PI+) cells were detectable ([Figures 1c and d](#fig1){ref-type="fig"}). Necroptosis can be confirmed by measuring the activity of lactate dehydrogenase (LDH) released from cells.^[@bib14]^ With this method we determined that Tan IIA-induced necroptosis in a time-dependent manner, which was Nec-1-inhibitable ([Figure 1b](#fig1){ref-type="fig"}). Next, western blot analysis was subjected to detect the necroptotic markers cyclophilin A and HMGB1. Results indicated that the two markers were evoked by Tan IIA ([Figure 2](#fig2){ref-type="fig"}). These results indicate that Tan IIA simultaneously causes apoptosis and necroptosis in HepG2 cells.

z-VAD-fmk converts apoptosis to necroptosis in Tan IIA-treated HepG2 cells
--------------------------------------------------------------------------

Most of HepG2 cells displayed a polygonal cell shape, whereas they were occasionally found to be rounding-up after treatment with Tan IIA. Furthermore, z-VAD-fmk could not revert the shape of cells from rounding-up to polygonal ([Figure 3a](#fig3){ref-type="fig"}). Consistently from the results of WST-1 assay, cell survival rates induced by Tan IIA could not be recovered by z-VAD-fmk ([Figure 3b](#fig3){ref-type="fig"}). Similar results were obtained from observation on the cells treated with Tan IIA and subsequently analyzed by PI staining/flow cytometry, the sub-G1 portions were not rescued by z-VAD-fmk ([Figure 4](#fig4){ref-type="fig"}) either. In fact, z-VAD-fmk is not functionless, as it indeed inhibited Annexin V defined apoptosis evoked by Tan IIA ([Figures 1c and d](#fig1){ref-type="fig"}). Nevertheless, portions of the sub-G1 phase were significantly elevated by co-treatment of 5 *μ*g/ml of Tan IIA and 20 *μ*M with z-VAD-fmk ([Figure 4](#fig4){ref-type="fig"}), raising the possibility that inhibition of apoptosis results in increasing necroptosis. This suggestion was supported by elevated expression levels of necroptotic markers cyclophilin A and HMGB1 observed in the cells treated with Tan IIA/z-VAD-fmk ([Figure 2a and b](#fig2){ref-type="fig"}) and further by increased levels of necroptosis with LDH assay ([Figure 5](#fig5){ref-type="fig"}). This suggests that z-VAD-fmk converts Tan IIA-induced apoptosis to necroptosis, explaining why cell proliferation rates sustain even after the treatment with z-VAD-fmk.

Nec-1 abrogates both the apoptosis and the necroptosis induced by Tan IIA
-------------------------------------------------------------------------

In contrast to z-VAD-fmk, Nec-1 rescued the cell shape from the Tan IIA-induced rounding-up to polygonal ([Figure 3a](#fig3){ref-type="fig"}). We observed that necrosis inhibitor Nec-1 eliminated both the smear and the necleosomal DNA fragmentation induced by Tan IIA ([Figure 1a](#fig1){ref-type="fig"}). Consistently, we found that, apoptotic and necrotic cell populations were inhibited by Nec-1, which was analyzed with Annexin V/FITC staining ([Figures 1c and d](#fig1){ref-type="fig"}). We thereafter determined that Tan IIA-induced LDH activity was diminished by Nec-1 ([Figure 1b](#fig1){ref-type="fig"}), and the expression levels of necrotic markers cyclophilin A and HMGB1 were likewise significantly reduced by Nec-1 ([Figure 2a and b](#fig2){ref-type="fig"}). Moreover, it reduced the sub-G1 portions stimulated by Tan IIA ([Figure 4](#fig4){ref-type="fig"}). From the results above, we conclude that Nec-1 eliminates both apoptosis and necroptosis induced by Tan IIA.

FLIP plays a central role in regulating the cell death induced by Tan IIA
-------------------------------------------------------------------------

We analyzed the signaling pathway responsible for cell survival, apoptosis, and necroptosis by means of western blotting and IP western blotting. In the control cells, we found that FLIP~L~, FLIPs, pro-caspase 8, RIP1, and RIP3, were demonstrable ([Figures 6a--d](#fig6){ref-type="fig"}). We further investigated the assembly of these molecules by means of IP western blotting. The results showed that RIP1 could aggregate with RIP3, FADD, pro-caspase 8, and FLIPs instead of FLIP~L.~ We suggest that the molecules assemble as a ripoptosome-like survival complex RIP1/RIP3/FADD/FLIP~S~/caspase 8. In addition, small amount of cleaved RIP1 was detected, which might be processed by caspase 8 after forming a complex with FLIP.^[@bib15; @bib16; @bib17; @bib18; @bib19]^

On treatment with Tan IIA, both FLIP~L~ and FLIPs were down-regulated ([Figures 6c and d](#fig6){ref-type="fig"}). The levels of intact RIP1 were decreased, whereas those of cleaved RIP1 were increased ([Figures 6a and b](#fig6){ref-type="fig"}). Moreover, cleaved caspase 8 and caspase 3 (i.e., active forms) were predominant in the western blotting ([Figure 2d and f](#fig2){ref-type="fig"}), and homodimer of cleaved caspase 8 was found in IP western blot analysis ([Figure 6i](#fig6){ref-type="fig"}). These results imply that low levels of the two FLIP isoforms result not only in the activation of caspase 8 and caspase 3, but also the cleavage of RIP1, a typical apoptotic situation. Regarding their assembly, an aggregation of lower levels of RIP1 and RIP3, along with higher levels of cleaved RIP1, FLIPs, and FADD were found in Tan IIA-treated cells, in comparison with control cells by means of the IP western blotting strategy ([Figure 6g](#fig6){ref-type="fig"}). Further results confirmed that pro-caspase 8 can form death complexes with RIP1, RIP3 and the cleaved form of RIP3 ([Figure 6h](#fig6){ref-type="fig"}). Moreover, FLIP~L~ was not as obvious as FLIP~S~ in complex formation (data not shown). It seems that some portion of the survival complex was changed by Tan IIA to become apoptotic in which caspase 8 was active and further cleaved RIP1 and RIP3 to result in apoptosis presumably in some cells.^[@bib20; @bib21; @bib22]^ At the same time, in other cells the formation of a necrotic complex RIP1/RIP3 was suggested on the basis of previous reports.^[@bib23]^

Moreover, the apoptotic complex was confirmed by the administration of a pan-caspase inhibitor z-VAD-fmk into Tan IIA-treated cells. Results showed that the elevated levels of cleaved RIP1 were decreased to the control levels ([Figure 6a](#fig6){ref-type="fig"}) and the cleaved form of RIP3 ([Figure 6b](#fig6){ref-type="fig"}), caspase 8 ([Figures 2c and d](#fig2){ref-type="fig"}) and caspase 3 ([Figures 2e and f](#fig2){ref-type="fig"}) were separately eliminated by the inhibitor. As inhibition of apoptosis could results in increased necroptosis ([Figures 1c and d](#fig1){ref-type="fig"}, [2a--f and 5](#fig2){ref-type="fig"}). Tan IIA/z-VAD-fmk treated cells should display the necroptotic complex based on the IP western blotting results. From the western blotting results ([Figure 6g](#fig6){ref-type="fig"}), we proposed a complex of RIP1/RIP3 as speculated above and observed a presumable trace of ripoptosome.

We further added the necroptosis inhibitor Nec-1 into Tan IIA-treated cells and discovered that the expression levels of FLIP~L~ and FLIP~S~ were increased in comparison with Tan IIA treatment alone. In addition, the cleaved forms of caspase 8/3 were substituted by intact forms ([Figures 2c--f](#fig2){ref-type="fig"}). This can be used to illustrate how Nec-1 can inhibit Tan IIA-induced caspase-dependent apoptosis. Meanwhile, RIP1 and RIP3 were cleaved more prominently in comparison with the control ([Figures 6a and b](#fig6){ref-type="fig"}), and might thus lose activity and eventually block necrosis.

Conclusively, Tan IIA-induced apoptosis/necroptosis may be mediated with ripoptosome and necrosome, which are associated with expression levels of FLIP and processing of RIP1 and RIP3.

Cleavage/intact forms of MLKL are, respectively, associated with apoptosis/necroptosis
--------------------------------------------------------------------------------------

MLKL protein has been reported to be involved in necroptosis by forming oligomers on plasma membrane.^[@bib7]^ We thus at first determined its monomer type by using western blot analysis and found that it was down-regulated by Tan IIA and rescued by z-VAD-fmk and Nec-1 ([Figure 6e](#fig6){ref-type="fig"}). Similar results were determined on the trimmer type ([Supplementary Information](#xob1){ref-type="supplementary-material"}). These results indicated the poor association of both forms of MLKL with necroptosis. On the other hand, we found that a cleaved type of MLKL was prominent in the cells treated with Tan IIA, but not in the negative control. The levels of the cleavage form were recovered from cleaved to intact by z-VAD-fmk and Nec-1 treatment, respectively ([Figure 6f](#fig6){ref-type="fig"}). The former is partially but significantly recovered by z-VAD-fmk, whereas the latter is totally recovered by Nec-1. It is thus suggested that MLKL is cleaved by caspase on apoptosis, but maintains intact on necroptosis. The intact form might further be phosphorylated by RIP3, resulting in necroptotic membrane rupture. Altogether, these results demonstrate that MLKL is processed by caspase 8 and links to cell apoptosis and necroptosis induced by Tan IIA.

Tan IIA synergistically enhances cytotoxicity of TRAIL to HepG2 cells
---------------------------------------------------------------------

As described above, the FLIP has a regulatory role in Tan IIA-induced cell death, on this basis down-regulation of FLIP should lead to cell death. TRAIL has been known to induce apoptosis through binding with DISC, which in turn recruits and activates pro-caspase 8 proteolytically to initiate an apoptosis cascade. It has been reported that down-regulation of FLIP~L~ and FLIP~S~ enhances caspase 8 recruitment by activation at the DISC.^[@bib24]^ As our results indicate that Tan IIA reduces the expression levels of FLIP~L~ and FLIP~S~, it should provide a synergistic benefit to enhance TRAIL cytotoxicity through causing an increased rate of apoptosis in addition to necroptosis. As expected, combinative treatments of Tan IIA and TRAIL significantly reduced cell survival rates ([Figure 7](#fig7){ref-type="fig"}).

Discussion
==========

This study shows that Tan IIA causes apoptosis and necroptosis simultaneously in HepG2 cells. z-VAD-fmk converts the apoptosis to necroptosis, and both modes of cell death can be inhibited by Nec-1. FLIP~S~ has a central role in regulating the two modes of cell death. In addition, cleavage of RIP1, RIP3 and MLKL is associated with the regulation. A schematic overview of major signal transduction pathways dealing with these findings is shown in [Figure 8](#fig8){ref-type="fig"} of this article.

Necroptosis was initially identified as a backup and alternative to apoptosis; that is, it is incompatible with apoptosis.^[@bib25]^ This is evidenced by the emergence of necroptosis on treating L929 cells with apoptosis inhibitor z-VAD-fmk,^[@bib26]^ and Nec-1 was reported to revert shikonin-induced necroptosis to apoptosis.^[@bib10]^ Surprisingly, we found that Tan IIA can induce death of HepG2 cells through apoptosis and necroptosis. It seems that these two modes occur in separate cells, as the insight mechanisms are mutually exclusive. This raises an open question about how Tan IIA treatment bifurcates the cells into apoptotic or necroptotic groups.

In the present study, co-treatment of Tan IIA/Nec-1 results in processing of RIP1 and RIP3. This is incomprehensible, as in this situation, caspase 8 and caspase 3 are prominent as inactive forms, and thus lack sufficient activity to cleave RIP1 and RIP3. Nevertheless, it has been found that the heterocomplex of FLIP~L~/caspase 8 is proteolytically active and cleaves local substrates such as RIPs.^[@bib15]^ Moreover, FLIP~L~ has been reported to induce the activity of its partner, caspase 8, without cleaving its interdomain and to change its substrate specificity.^[@bib19]^ Although both FLIP~L~ and FLIP~S~ are expressed in Nec-1-treated cells, only FLIP~S~ was shown to be a component of ripoptosome. It is suggested to bind to FADD and thus inactivate caspase 8.

Although the proposed ripoptosome and necrosome have been previously suggested in the literature, our study raises several new aspects warranting further investigation. First, Nec-1, regarded as a specific necroptosis inhibitor, has been considered to be ineffective against apoptosis. However, we found that Nec-1 inhibits both necroptosis and apoptosis. As our data shows, Nec-1 sustains the necroptotic key factors RIP1 and RIP3 in cleaved form, and rescues the decreased levels of FLIP~L~/FLIP~S~ expression. The former supposedly blocks the triggering of MLKL-necroptosis signaling, and the latter may inhibit the activation of apoptosis-mediated enzyme pro-caspase 8. Second, the protein MLKL induces necroptosis by directly permeabilizing the plasma membrane, and is activated by phosphorylation by RIP3. Its cleaved form should result from the processing by caspase, and thus prevent cell death by necrosis. Moreover, we observed that Nec-1 can reduce cleavage due to the blocking of caspase signaling. However, this needs to be further studied and verified.

As shown in present study FLIP is down-regulated by Tan IIA and involved in cell death. Taking advantage of this finding, combination of Tan IIA and TRAIL has been found to exert synergistic cytotoxicity against HepG2 cells. Based on this, Tan IIA may be used as a key component to combine with other FLIP-regulable chemicals, of which the synergistic effect may be useful for cancer prevention. Moreover, this design may be especially useful for breaking through the drug resistance of cancer cells against TRAIL.

Taken together, the findings of Tan IIA-induced apoptosis and necroptosis in HepG2 cells offer new research directions for the inhibition mechanism of Nec-1 to apoptosis, the necroptotic role of MLKL cleavage, and the combinational cytotoxic enhancement of components with Tan IIA.

Materials and methods
=====================

Cell line and culture
---------------------

The human hepatoma cell line HepG2 was kindly provided by Dr. SY Lo at Tzu Chi University. The cells were maintained in Dulbecco's modified Eagle's medium with phenol red (DMEM; Gibco, New York, USA) supplemented with 10% fetal bovine serum (FBS, Biological Industries, Kibbutz Beit Haemek, Israel), 100 U/ml penicillin and 100 *μ*g/ml streptomycin (Biological Industries, Kibbutz Beit Haemek, Israel), in a humidified incubator under 37 °C, 5% CO~2~ conditions.

Chemical compounds
------------------

High-performance liquid chromatography (HPLC)-grade Tan IIA with a purity of 98% was purchased from Kesure Biotechnology Co. (Kunming, PRC). Necrostatin-1(Nec-1) with a purity of 99.9% was purchased from Enzo Life Sciences (New York, NY, USA). Nec-1-mediated inhibition necroptosis by inhibiting RIP1 activity. z-VAD-fmk with a purity of 99.9% was purchased from ApEXBio (Hsinchu, Taiwan). The agents were dissolved in DMSO (dimethyl sufoxide) at a concentration of 2 mg/ml Tan IIA, 20 mM z-VAD-fmk and 50 mM Nec-1 as stock.

Cell viability assay
--------------------

The WST-1 (4-\[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5- tetrazolio\]-1,3-benzene disulfonate) cell proliferation and cytotoxicity assay (Roche Co., South San Francisco, CA, USA) was used to determine cell viability based on the reduction of tetrazolium salt to formazan by mitochondrial dehydrogenases. For the cell growth assay, 1×10^4^ exponentially growing cells were plated to each well of a 96-well tissue culture plate and incubated overnight in the same conditions as those described above to allow cells to attach to the bottom of each well. The cells were then treated with concentrations 5 or 10 μg/ml Tan IIA, combined Tan IIA and Nec-1 and combined Tan IIA and z-VAD-fmk for 12, 24 and 60 h. The negative control group was treated with an equal concentration of the solvent vehicle (DMSO). After exposure, the medium was removed and washed with 200 *μ*l PBS. A mixture of 10 *μ*l Cell Proliferation Reagent WST-1 and 190 *μ*l phenol red free DMEM was then added for 30 min under the same incubation conditions. The absorbance was measured in a microplate reader (Thermo Scientific Multiskan Spectrum, New York, NY, USA) at 450 nm. Microsoft Excel 2010 was used for all data entry and analysis. Data are presented as mean ±S.D. of the quadruplicate. Student\'s two-tailed *t*-test was used to analyze statistical significance between groups.

Analysis of cell death by flow cytometry
----------------------------------------

Exponentially growing HepG2 cells were treated with Tan IIA, Nec-1 and z-VAD-fmk mixture at the desired concentrations, following removal of non-adherent cells by gentle washing. After exposure to the drugs for 12 h, the cells were collected and centrifuged at 500×*g* in a 15 ml tube for 5 min. The cells were then washed with ice-cold PBS and fixed with 70% ethanol for 2 h at −20 °C. The cells were subsequently washed with PBS and treated with 200 *μ*g/ml RNase and 500 *μ*l of PI (20 *μ*g/ml in stock) for 30 min in darkness at room temperature. PI-stained cells were assayed using BD FACSCalibur Flow Cytometry (Palo Alto, CA, USA) and cell cycle distributions (G0-G1, S, and G2-M) were analyzed with BD CellQuest Pro Software (built-in software; San Jose, CA, USA). Apoptosis was detected by staining the cells with an Annexin V-FITC Apoptosis Detection Kit from Strong Biotech Co. (Taipei, Taiwan) following the manufacturer\'s instructions. Five million HepG2 cells were stained for 15 min with Annexin V- FITC and PI at room temperature in darkness. After staining, the apoptotic cells were counted using BD FACSCalibur Flow Cytometry and the data were processed with the BD CellQuest Pro Software as described above.

Determination of DNA fragmentation
----------------------------------

HepG2 cells were pretreated with 20 *μ*M z-VAD-fmk or 50 *μ*M Nec-1 for 30 min, and then treated with 5 *μ*g Tan IIA for 12 h. The cells were collected and DNA was extracted using the Cell Genomic DNA Purification Kit (GeneMark, Taipei, Taiwan) according to the manufacturer's protocol. DNA fragmentation was analyzed by 2% agarose gel electrophoresis, and stained with ethidium bromide.

Cytotoxicity assays
-------------------

HepG2 cells were pretreated with 20 μM z-VAD-fmk or 50 μM Nec-1 for 30 min, and treated with 5 or 10 *μ*g/ml Tan IIA for 1--36 h. LDH assay (Roche Co.) was performed as per manufacturer's instructions. The absorbance was measured in a microplate reader (Thermo Scientific Multiskan Spectrum, New York, NY, USA) at 490 nm. Microsoft Excel 2010 was used for all data entry and analysis. Data were presented as mean±S.E. of the quadruplicate. Student\'s two-tailed *t*-test was used to analyze statistical significance between groups.

Immunoprecipitation and western blot analysis
---------------------------------------------

HepG2 cells were pretreated with 20 μM z-VAD-fmk or 50 μM Nec-1 for 30 min, and treated with 5 or 10 *μ*g/ml Tan IIA for 12 h. Cells were subsequently collected in 300 *μ*l of RIPA with protease inhibitor cocktail (Calbiochem) and homogenated. An aliquot (30 *μ*g) of the supernatant was retained for western blot analysis, and the remainder (500 *μ*g) was subjected to immunoprecipitation. Each supernatant was added with 1 *μ*g of the appropriate antibody and incubated for 24 h at 4 °C with rocking. An aliquot (10 *μ*l) of protein G agarose (Millipore, Temecula, CA, USA) was added to each sample and incubated for 2 h at 4 °C with rocking. Immunoprecipitates were collected by passing the samples through Cytosignal filters by centrifugation at 5000 r.p.m. for 5 min at 4 °C. The trapped beads were then washed four times with 500 *μ*l of lysis buffer (without Na3VO4, dithiothreitol, phenylmethylsulfonyl fluoride or protease inhibitor cocktail). An aliquot (100 *μ*l) of SDS--PAGE sample buffer was added to the trapped beads and the immunoprecipitated proteins were eluted by centrifugation at 5 000 g for 5 min. Samples were boiled for 5 min, resolved by SDS--PAGE, transferred to polyscreen membranes (PVDF; Millipore) and analyzed by immunoblotting using the appropriate antibodies (primary antibodies: cyclophilin A, HMGB1, caspase 8, caspase 3, RIP1, FLIP, RIP3, FADD (GeneTex, Irvin, CA, USA) and HRP secondary antibodies: anti-mouse and anti-rabbit, Abcam, Cambridge, UK). Blots were visualized by an HRP-conjugated substrate kit (BIO-RAD, Richmond, CA, USA), and the results were assayed using the Gel Documentation System.

Statistical analysis
--------------------

Data were presented as mean±S.D. Statistical analysis was based on one way Excel with a Student's *t*-test; \**P*\<0.05 was considered statistically significant.
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![Apoptotic and necroptotic response of HepG2 cells treatment with Tan IIA alone or combined treatment with z-VAD-fmk and Nec-1, respectively. (**a**) Chemical structure of Tan IIA and DNA fragmentation. HepG2 cells were pretreated with 20 *μ*M z-VAD-fmk or 50 *μ*M Nec-1 for 30 min, and subsequently treated with 5 or 10 *μ*g/ml Tan IIA for 12 h. DNA is isolated from the cells and separated on agarose gel to show the patterns of DNA fragmentation as smears and nucleosomal ladders induced by Tan IIA. The two patterns were removed by Nec-1. (**b**) HepG2 cells were pretreated with 20 *μ*M z-VAD-fmk or 50 *μ*M Nec-1 for 30 min, and subsequently treated with 5 or 10 *μ*g/ml Tan IIA for 1-36 h. Time-dependent LDH activity elicited by Tan IIA, is Nec-1-inhibitable. Data are presented as mean±S.D.; *N*=4 independent experiments. Statistical analysis was carried out using Student's *t*-test (paired, one-tailed, \*\**P*\<0.01 Tan IIA treatment *versus* control, ^\#\#^*P*\<0.01 Tan IIA *versus* Tan IIA/Nec-1 treatment). (**c**, **d**) HepG2 cells were pretreated with 20 *μ*M z-VAD-fmk or 50 *μ*M Nec-1 for 30 min, and subsequently treated with 5 or 10 *μ*g/ml Tan IIA for 12 h. (**c**) Histograms shows the portions of cells undergoing early apoptosis or necroptosis. Cell death was measured after staining with Annexin V-FITC and propidium iodide (PI) followed by flow cytometry. (**d**) Quantitative analysis of early apoptosis and necroptosis cells in percentage. z-VAD-fmk rescues the cells from the apoptosis induced by Tan IIA, whereas Nec-1 rescues from apoptosis and necroptosis. Data are presented as mean±S.D.; *N*=3 independent experiments. Statistical analysis was carried out using Student's *t*-test (paired, one-tailed, \**P*\<0.05, \*\**P*\<0.01).](cddiscovery201665-f1){#fig1}

![z-VAD-fmk inhibits expression levels of apoptotic markers but enhances necroptotic markers; however, Nec-1 inhibits both apoptotic and necroptotic markers. HepG2 cells were pretreated with 20 *μ*M z-VAD-fmk or 50 *μ*M Nec-1 for 30 min, and subsequently treated with 5 or 10 *μ*g/ml Tan IIA for 12 h. Protein from cytoplasmic extracts of HepG2 cells followed by western blot analysis. Quantitative data are presented as mean±S.D.; *N*=3 independent experiments. Statistical analysis was carried out using Student's *t*-test (paired, one-tailed, \**P*\<0.05, \*\**P*\<0.01). (**a**, **b**) Expression levels of necropoptic markers cyclophilin A and HMGB1 were elevated by Tan IIA, and were re-elevated by z-VAD-fmk but repressed by Nec-1. (**c**) Expression levels of apoptotic marker pro-caspase 8 were elevated by Tan IIA. (**d**) Cleaved form of caspase 8 was elevated by Tan IIA, but repressed by both z-VAD-fmk and Nec-1. (**e**) Expression levels of apoptotic marker pro-caspase 3 were elevated by Tan IIA and z-VAD-fmk but repressed by Nec-1. (**f**) Cleaved form of caspase 3 was elevated by Tan IIA, but repressed by both z-VAD-fmk and Nec-1.](cddiscovery201665-f2){#fig2}

![Nec-1 rather than z-VAD-fmk influenced by Tan IIA recovers the cell shape and viability. (**a**) HepG2 cells were pretreated with 20 *μ*M z-VAD-fmk or 50 *μ*M Nec-1 for 30 min, and subsequently treated with 5 or 10 *μ*g/ml Tan IIA for 12 h. Microscopic images show that Tan IIA treatment results in reverting the rounding-up of cell shape reverts to polygonal as control cells by Nec-1 but not by z-VAD-fmk. (**b**) HepG2 cells were pretreated with 20 *μ*M z-VAD-fmk or 50 *μ*M Nec-1 for 30 min, and subsequently treated with 5 or 10 *μ*g/ml Tan IIA for 12, 24, and 60 h. Cell viability was measured using the WST-1 assay and presented as absorbance values at 450 nm. Quantitative data are presented as mean±S.D.; *N*=4 independent experiments. Statistical analysis was carried out using Student's *t*-test (paired, one-tailed, \*\**P*\<0.01).](cddiscovery201665-f3){#fig3}

![Nec-1 rather than z-VAD-fmk rescues the Sub-G1 portions of induced by Tan IIA. HepG2 cells were pretreated with 20 *μ*M z-VAD-fmk or 50 *μ*M Nec-1 for 30 min and subsequently treated with 5 or 10 *μ*g/ml of Tan IIA for 12 h. Sub-G1 portions were identified by flow cytometry using PI staining. (**a**) Histograms show Sub-G1 portions on various treatments. (**b**) Quantitative data of the Sub-G1 portions are presented as mean±S.D.; *N*=3 independent experiments. Statistical analysis was carried out using Student's *t*-test (paired, one-tailed, \*\**P*\<0.01).](cddiscovery201665-f4){#fig4}

![Various levels of Tan IIA reduces cell viability and is sustained by z-VAD-fmk but rescued by Nec-1, whereas necroptotsis is increased by z-VAD-fmk but decreased by Nec-1. HepG2 cells were pretreated with various concentrations of z-VAD-fmk or Nec-1 for 30 mins and then with Tan IIA for 12 h. Cell viability was measured using WST-1 assay and necroptosis using LDH release assay. Data are presented as mean±S.D.; *N*=4 independent experiments. Statistical analysis was carried out using Student's *t*-test (paired, one-tailed, \*\**P*\<0.01, ^\#\#^*P*\<0.01 for compared with 5  and 10 *μ*g/ml of Tan IIA, respectively).](cddiscovery201665-f5){#fig5}

![Influences of z-VAD-fmk and Nec-1 on apoptotic and necroptotic signaling proteins, respectively. HepG2 cells were pretreated with 20 *μ*M z-VAD-fmk or 50 *μ*M Nec-1 for 30 min and subsequently treated with 5 or 10 *μ*g/ml of Tan IIA for 12 h. (**a**--**f**) Cell lysates were analyzed by western blot with indicated antibodies. Quantitative data are presented as mean±S.D.; *N*=3 independent experiments. Statistical analysis was carried out using Student's *t*-test (paired, one-tailed, \**P*\<0.05, \*\**P*\<0.01). (**a**) Expression levels of RIP1 in intact form were reduced by Tan IIA, and recovered by co-treatment with z-VAD-fmk but not with Nec-1. (**b**) Expression levels of RIP1 in cleaved form were increased by Tan IIA, and reduced by co-treatment with z-VAD-fmk but not with Nec-1. (**c**, **d**) Expression levels of FLIP~L~ and FLIP~S~ were reduced by Tan IIA but recovered by co-treatment with Nec-1. (**e**) Expression levels of MLKL in monomer form were reduced by Tan IIA but recovered by co-treatment with both z-VAD-fmk and Nec-1. (**f**) Poor levels of MLKL expression in control cells were elevated by Tan IIA but reduced by co-treatment with z-VAD-fmk and Nec-1. (**g**) Anti-RIP1 pAb IP samples were analyzed by anti-RIP1 pAb, anti-RIP3 pAb, anti-FLIPS pAb, anti-FADD pAb western blot. (**h**) Anti-caspase 8 pAb IP samples were analyzed by anti-RIP1 pAb, anti-RIP3 pAb Western blot. (**i**) Anti-cleaved caspase 8 pAb IP samples were analyzed by Anti-cleaved caspase 8 pAb western blot.](cddiscovery201665-f6){#fig6}

![Combination of Tan IIA and TRAIL enhances cytotoxicity. HepG2 cells were treated with 25 *μ*g/ml of TRAIL in combination with various concentrations of Tan IIA as indicated. Cell viability was measured with WST-1 assay and quantitative data are presented as mean±S.D.; *N*=4 independent experiments. Statistical analysis was carried out using Student's *t*-test (paired, one-tailed, \*\**P*\<0.01).](cddiscovery201665-f7){#fig7}

![Proposed model for tanshinone IIA (Tan IIA) simultaneously inducing both apoptosis and necroptosis, and regulated by FLIP-associated pathway. In HepG2 cells, FLIP~S~ binds to ripotosomes, which hampers the auto-proteolysis of caspase 8 and blocks apoptosis. In the meantime, the FADD bound RIP1/RIP3 is inactive and thus fails to cause necroptosis. When the cells were treated with Tan IIA, FLIP is down-regulated, leading to dissociation of ripotosome, auto-proteolysis of caspase 8, cleavage of caspase 3, RIP1, RIP3, and MLKL, and consequently causing some cells to undergo apoptosis. Meanwhile, Tan IIA also induces necrosis in other sets of cells by forming a necrosome composed of RIP1/RIP3 heterodimer and mediating a necrotic executor MLKL. z-VAD-fmk inhibits apoptosis, rather than necroptosis, by blocking the auto-proteolysis of caspase 8. Nec-1 recovers the FLIP down-regulated by Tan IIA, which results in FLIPS binding to ripotosome and blocking apoptosis. On the other hand, RIP1 and RIP3 both remain cleaved, although MLKL reverts into intact, resulting in lack of necroptosis.](cddiscovery201665-f8){#fig8}
